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INTRODUCTION
Neonatal seizures are a common problem, affecting two to five per thousand infants in the first month of life (1) (2) (3) . Recent animal and human studies have shown that seizures can harm the developing brain (4) (5) (6) , reinforcing the current practice of treating electrographic seizures in newborns. Phenobarbital, introduced in 1914, is still the most common medication used to treat neonatal seizures (7) . However, in the one randomized controlled trial on its use in neonates, phenobarbital was effective in eliminating neonatal seizures only 43% of the time (8) .
In addition, phenobarbital has been shown to cause neuronal apoptosis in rat pups (9, 10) , and children receiving phenobarbital for febrile seizure prophylaxis were found to have decreased cognitive ability and school achievement compared with those receiving placebo (11) (12) (13) . For these reasons, there has been considerable interest in recent years in developing new antiepileptic medications for use in neonates.
Levetiracetam (Keppra®), introduced in 2000, is an anticonvulsant with a novel mechanism of action that has been studied extensively in adults and older children (14) (15) (16) (17) (18) .
Although its precise mechanism of action has not been fully established, levetiracetam is known to bind to synaptic vesicle protein 2A in the central nervous system and does not appear to directly affect the traditional excitatory and inhibitory neurotransmitter systems (18, 19) . Studies in adults have shown that levetiracetam has linear pharmacokinetics (18) , which means that changes in dose result in proportional changes in drug concentration and exposure as measured by the area under the concentration-time curve (AUC). Levetiracetam is mainly excreted by the kidneys, and elimination correlates with creatinine clearance (18) . The major metabolic pathway is enzymatic hydrolysis by a plasma esterase (18) . The volume of distribution of levetiracetam is similar to total body water, and it has no documented clinically significant drug-drug interactions (18) .
Pharmacokinetic, safety, and efficacy trials have been performed in children down to 1 month of age (14) (15) (16) 20, 21) . Case series have suggested that levetiracetam may be safe and effective in the treatment of neonatal seizures (22) (23) (24) , and a recent prospective study in 38 term and preterm infants showed no adverse effects of a slow titration of levetiracetam (25) . The aim of our study was to determine the pharmacokinetics of levetiracetam and to gather preliminary safety and efficacy in neonates with seizures. Levetiracetam injection (100 mg/ml, UCB Pharma) was used for the initial loading dose in all patients. Dosing was not specified in the protocol and was determined by the clinician prescribing the drug. Levetiracetam was infused over 15 minutes as per package insert. Blood sampling was conducted using a D-optimal sparse sampling design with three samples collected in each patient (26) . Patients were divided into three groups to obtain informative time points over the entire dosing interval. Group 1 had samples drawn at 2-15 minutes, 1-2 hours, and 12 hours post infusion; Group 2 had samples drawn at 2-15 minutes, 2-4 hours, and 18 hours post infusion, and Group 3 had samples drawn at 5-15 minutes, 4-8 hours, and 20-24 hours post infusion.
METHODS
This
In order to prevent metabolism by esterases in the test tube, the plasma was separated by centrifugation directly after collection (27) an open question about whether any problems were seen after the loading dose. Study subjects' charts were reviewed at hospital discharge to identify any adverse events occurring during the 24 hours after the loading dose and during the remainder of the hospital stay.
Seizure frequency before and after the loading dose of levetiracetam was monitored clinically or documented using full channel EEG at the discretion of the clinicians caring for the 
Pharmacokinetic modeling:
A two compartment model with first order elimination provided the best fit to the data. 
Safety and tolerability:
Levetiracetam was well tolerated in this population. No changes in vital signs or laboratory parameters were observed. Several infants were noted to be somnolent in the 24 hours after levetiracetam administration. However, the majority of these infants were critically ill and had received both phenobarbital and levetiracetam. The somnolence was recorded as possibly related to levetiracetam administration.
One patient with overwhelming HSV infection died after withdrawal of support 24 hours after receiving levetiracetam. One patient with severe HIE died after withdrawal of support 10 hours after receiving levetiracetam. These deaths were deemed not related to levetiracetam administration.
Efficacy:
This was designed as a pharmacokinetic study and was not sufficiently powered to 
DISCUSSION
The main objective of this study was to determine the pharmacokinetics of IV levetiracetam in neonates with seizures. We found that levetiracetam pharmacokinetics were different in this population than in adults and older children. The safety profile appeared to be favorable with no serious adverse effects noted. Two deaths occurring in this critically ill study population were deemed to be unrelated to levetiracetam treatment. We also found that levetiracetam was effective for acute seizure control, with only 3 of the 18 infants requiring a third line drug beyond phenobarbital and levetiracetam.
The pharmacokinetics of levetiracetam in adults and older children have been well characterized. The half-life is 6-8 hours in adults (18) and 5-7 hours in older children (17, 20) .
In the only study that evaluated the pharmacokinetics of levetiracetam in neonates, the half life was found to be 16-18 hours in newborn twins whose mother had received an oral dose of levetiracetam 45 minutes prior to delivery (31) . We found the median half-life of levetiracetam to be 8.9 hours, which might be expected based on the lower clearance of levetiracetam in neonates. The volume of distribution, the hypothetical volume in which an amount of drug would need to be uniformly distributed to produce the observed blood concentration, is 0.5-0.7 L/kg in adults (32) and 0.6-0.7 L/kg in older children (17, 20) . The median volume of distribution in our study was 0.89 L/kg. Because neonates have higher body water content than adults and older children (as much as 85% total body water in preterm infants and 78% in full term infants as compared to 60% in adults) (33) and levetiracetam distributes in parallel with total body water, we would expect the volume of distribution to be higher in neonates than in older children and adults.
Total body clearance of levetiracetam in adults is 0.96 ml/min/kg (18) and in children is 1.43-1.46 ml/min/kg (17, 20) . We found the clearance in neonates to be 1.21 ml/min/kg, intermediate between adults and older children. Weight-adjusted clearance is often higher in children than in adults, but models which allometrically scale clearance based on surface area or the 3/4 power model often predict no difference in the size scaled clearance between these two populations (34) . Using the 3/4 power model, the standard clearance is 67.2 ml/min and the clearance of neonates (with a mean weight of 3.3 kg, as in this study) is predicted to be 6.8 ml/min. The clearance of the neonates in this study was found to be 3 ml/min in the NONMEM two compartment model and 4.2 ml/min in the MWPharm two compartment model, lower than would be predicted using the 3/4 power model. Allometric scaling is able to correct for growth, but does not correct for maturational differences in the population (34) . Since clearance was found to be lower in neonates than would be predicted using allometric scaling, we conclude that the lower clearance of levetiracetam in this population is due to the lower GFR and possibly to lower plasma esterase activity. In support of this conclusion, a significant linear relationship was found between serum creatinine and levetiracetam clearance.
Based on the higher volume of distribution in neonates, the loading dose on a mg/kg basis should be higher than in older children and adults. We found that a loading dose of 30 mg/kg was more effective in controlling seizures than a loading dose of 20 mg/kg in our study population. Due to the reduced clearance in neonates, the dosing interval may need to be extended, at least until the GFR matures. Therefore, a twice daily dosing schedule may be more appropriate than a three times daily schedule in neonates over the first several weeks of life. In infants with reduced creatinine clearance, the dosing interval may need to be extended even further.
Routine therapeutic drug monitoring has not been recommended for levetiracetam in the past, as drug levels have not been found to correlate well with therapeutic efficacy (35, 36) . A reference range of 12-46 mg/L has been proposed for adults with epilepsy (37) , and most clinical labs suggest similar reference ranges. Toxic levels have not been well established. The highest concentration measured in our study was 87.6 mg/L and the highest Cmax predicted by the model was 91.9 mg/L. No adverse effects were seen beyond mild somnolence even at these high levels. Therapeutic drug monitoring may be useful in infants with impaired renal function, but our study does not provide the data to support routine monitoring.
Infants in this study were closely monitored for 24 hours after the loading dose of levetiracetam to assess for adverse events. Two subjects died after withdrawal of support due to their severe underlying medical conditions during the 24 hours following levetiracetam administration, but these deaths were not considered related to levetiracetam. Somnolence was the only other adverse event recorded in subjects 24 hours after the dose that could possibly be related to levetiracetam. The somnolence did not interfere with feeding or cause subjects to require increased respiratory support. In older children, the main adverse events seen with levetiracetam administration are somnolence, nervousness, dizziness, and irritability. In adults and older children, small but statistically significant changes in hematologic parameters (RBC count, mean hemoglobin, and WBC count) have been seen. These hematologic changes have not been considered clinically significant by other investigators; therefore, we did not monitor complete blood counts as part of the study. However, many of the infants in the study had complete blood counts before and after receiving levetiracetam, and no changes were seen.
Although this study was not powered to determine efficacy, levetiracetam was considered to be effective for acute seizure control in this population. In addition, as shown in figure 2 , a higher initial loading dose of 30 mg/kg appeared to be more effective than a loading dose of 20 mg/kg. When this relationship was examined with a simple logistic regression model, a trend was found, but the study did not have sufficient power to detect statistical significance. Two recent papers (24, 25) have also suggested that levetiracetam is safe and effective in neonates.
These studies used lower doses (10 mg/kg BID), did not use continuous monitoring, and did not include a control group. This is the first pharmacokinetic study of levetiracetam in the neonatal population. We were able to use a minimal sampling strategy to obtain pharmacokinetic parameters among infants with variable seizure etiologies. The limitations of our study include the small sample size with high interindividual variability. Although we intended to study preterm infants and infants later in the first month of life, most of the patients in the study were full term and treated with levetiracetam in the first two days of life. The pharmacokinetics of levetiracetam were different in the neonatal population as compared to older children and adults, and in this small study, levetiracetam was found to be safe and effective in the neonatal population. Future investigations are needed to evaluate higher loading doses of levetiracetam in neonates, such as the 50 mg/kg loading dose currently being used in older children with status epilepticus (38, 39) ,
and to obtain more data on the steady state pharmacokinetics of levetiracetam in neonates.
Although levetiracetam appears to be effective in infants who have failed phenobarbital, more information needs to be gathered on the efficacy of levetiracetam as a first line drug. 
